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Abstract 
This study demonstrates the electret type inertial energy harvester for low-frequency vibrations such as human 
movements. Because a moving mass of the harvester is supported by the very soft spring, the mass collides easily 
with the frame structure. This collision induces the higher natural frequency vibration to the mass even at the applied 
vibration frequencies below the natural resonant frequency, which improves the efficiency of the power generation. 
The fabricated device generated the power of 1.8 nWrms for applied vibration of 20 Hz and 200 mp-p with the 
optimal load resistance of 32 M. The packaged device size is 0.23 cm3 and the weight of the moving mass is 122 
mg. 
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1. Introduction 
Vibratory energy harvesters are very useful for wireless-sensors and body-area networks [1]. However, 
almost of the all reported devices use the resonant vibration of the subjects. In order to apply the vibratory 
harvester to subjects without resonant and periodic vibration, e.g. human movements, the vibrating 
mechanism from low frequency and wide-range has recently attracted attentions [2]. In this study, we 
demonstrate the electret energy harvester with the very soft spring structure that is vibrated at the natural 
frequency by using the collision induced impulse response depending on the Q-factor. 
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2. Structure design 
Figure 1(a) shows the schematic diagram of our energy-harvesting device. The single bended double 
springs fixed on the outer frame supports the silicon movable mass with size of 10100.5 mm3 and 
weight of 122 mg. The mass has two interdigital electrodes beneath the electret material, CYTOP (CTL-
809M; Asahi glass Co., Ltd. Japan). The frame of the movable electret part is bonded with the cover glass 
and Si grid electrode structure by using thermal pressure bonding of the CYTOP. The assembled device 
size is 12131.5 mm3. Figure 1(b) illustrates the cross-sectional schematic diagram of the device. There 
is silicon with fine patterned slits above the mass structure, which act as counter electrodes for the 
electrostatic harvesting and it also acted as grid electrodes for the corona discharging [3].  
In order to obtain a large displacement of the mass, the spring structure should be designed to have a 
soft spring constant for a harvesting direction and have hard ones for other directions. We designed the 
spring dimensions using FEM analysis (Intellisuite 8.6; Intellisense Inc., MA, USA). Figures 2(a) and 
2(b) show the one of the designed structure and simulated result of displacement contour map for X 
direction at the applied acceleration of 1 G, respectively. The simulated value of the resonant frequencies 
and the displacements with the applied accelerations of 1, 2 and 5 G are listed in Table 1. The spring has 
very low spring constant of about 50 m/G and shows the resonant frequency of 71 Hz (1st mode) for X 
direction. The 2nd and 3rd modes are in-plane vibration modes of the spring. The mass travel amplitude is 
restricted by the stopper on the frame to 400 mp-p. 
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Fig. 1. (a) Schematic diagram of the electret type energy harvester; (b) cross sectional schematic diagram of the device. 
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Fig. 2. (a) Designed dimensions of the mass and spring for the FEM analysis; (b) simulated result of displacement contour map 
for X direction at the applied acceleration of 1 G. 
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3. Device fabrication and characterization 
Figure 3(a) shows the fabricated movable mass structure. Because of the over etching in the Deep-RIE 
step, the width of the spring was 16 m that is thinner than designed value of 20 m. Thus the mass easily 
contacted with the stopper on the frame by gravity as shown in Fig. 3(c).  
The frequency characteristic was measured by using a laser Doppler vibrometer. Figure 4(a) shows the 
resonant frequency of 31 Hz and the mechanical Q-factor of 58 at the excitation amplitude of 38 nmp-p. 
The measurement at the large amplitude was performed by the screen-shot of the high-speed camera with 
250 frame-per-second (EktaPro; Kodak, NY, USA). The device was excited at the large amplitude of 400 
mp-p with frequency of 10 Hz. As shown in Fig. 4(b), the mass is vibrated three cycles between a single 
excitation periods. It was revealed by the screen shot, the mass would be vibrated at its natural resonant 
frequency of 31 Hz instead of the excited frequency of 10 Hz. 
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Fig. 3. (a) Optical photo of the movable mass structure; (b) SEM photograph of the spring beam; (c) spring deformation caused 
by gravity. 
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Fig. 4. (a) Resonant characteristic of the vibrating mass excited by a stacked PZT actuator; (b) schematic diagram of the mass 
movement at large excitation amplitude; (c) screen shot of the high-speed camera with intervals of about 8 msec. The mass 
vibrates not at the excitation frequency of 10 Hz but at the natural frequency of 31 Hz. 
Table 1. Simulated value of the resonant frequencies and the displacement with the applied accelerations 
Maximum stress
1 G 3 G 5 G at 200 m dsiplacement
X 48 146 244 1st 71
Y 0 73 3 3 7 5 2nd 632 62 1 Mpa
Z 0 44 1 6 2 9 3rd 777
Displacement for applied accelcation [m]Direction Modal analysis
resonant frequency [Hz]
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4. Results and conclusion 
The optimum load resistance was measured by using the circuitry with high input-impedance voltage-
buffer shown in Fig. 5(a). Figure 5(b) depicts the output power versus load resistance. The maximum 
power of 1.8 nWrms was obtained with the load resistance of 32 M at the external excitation of 20 Hz 
and 200 mp-p. The calculated capacitance of the harvester is about 83 pF. The harvested waveforms with 
the optimum resistance from various amplitudes were shown in Fig. 6(a). Because of the electrodes 
coordination shown in Fig. 6(b) [4], the output waveforms have three periodic waveforms in the single 
vibration. When the device was vibrated at the large displacement of 1 mmp-p, the waveform shows 
impulse like shape that would be caused by the collision. Figure 6(c) depicts the output power depends on 
the amplitude. The output powers drastically increase at the collision states.   
This study demonstrated the electret energy harvester with collision state that induces high frequency 
vibration. The output waveform is quite complicated at the collision state. In the future works, we will 
measure simultaneously the harvested waveform and the actual displacement of the moving mass by 
using optical measurement apparatus. 
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Fig. 6. (a) Output waveform for various vibration amplitude; (b) electrodes coordination; (b) output power dependence on the 
vibration amplitude. 
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Fig. 5. (a) Measurement setup for load resistance; (b) output power versus load resistance. 
